Bromoaromatics are ubiquitous in chemistry, and their manufacture is often wasteful. Halogen exchange under hydrothermal conditions constitutes a viable alternative for their synthesis in some cases. The preparation of 1,2-dibromobenzene and 1-bromo-2-chlorobenzene from 1,2-dichlorobenzene, by treatment with hydrobromic acid in hydrothermal media at temperatures ranging from 240˚C to 320˚C was investigated as a viable alternative to de novo synthesis. The effects of temperature, exchange duration and the presence of Fe 3+ salts on product yields are discussed. Yields for both targeted haloarenes of up to 37% and 48%, respectively, were achieved, with very limited formation of 1,3-and 1,4-dihalobenzene isomers. A mechanism for halogen exchange was proposed.
Introduction
Superheated and supercritical aqueous reaction media are capable of supporting novel reactions, which are difficult to implement in conventional solvent systems. While attempting to implement isotope exchange in near-critical deuterated media [1] , the authors observed concurrent halogen exchange for halobenzenes. Thus, treatment of chlorobenzene with aqueous hydrobromic acid at nearcritical conditions resulted in Cl-Br exchange. A further study of such exchange reactions seemed warranted, aimed at minimizing the need for the de novo manufacture of bromobenzenes by utilizing environmentally hazardous chlorobenzenes obtained as industrial waste products.
The chosen test substrate, 1,2-dichlorobenzene (DCB), is a byproduct in the manufacture of chlorobenzene and finds rather limited application [2] . In contrast, the demand for brominated aromatics is increasing in light of the emergence of palladium catalyzed cross-coupling reactions [3] . The target compounds, 1,2-dibromobenzene (DBB) and 1-bromo-2-chlorobenzene (BCB), commonly are prepared by nitration, reduction to the corresponding anilines, and Sandmeyer displacement, an expensive and wasteful approach [4] . Consequently, DBB retails at approximately fifty times the cost of DCB [5] .
In contrast to halogen exchange in non-aromatic positions, few examples exist for the efficient synthesis of haloaromatics by transhalogenation. The conversion of 1,3,5-trichlorobenzene to chlorofluorobenzenes in polar aprotic solvents has been demonstrated [6] , but the reported yields are modest. Displacement of iodine by chlorine is observed under relatively mild conditions [7] , apparently driven by the relative stabilities of the respective carbon-halogen bonds. However, such displacements are of limited practical interest.
In this study, the authors report the yields of DBB and BCB as a function of time and temperature, as well as the effects of iron salts, a common industrial contaminant. Mechanistic insights gained from product distributions were complemented by ab-initio DFT calculations, in an effort to gain mechanistic insight into this reaction.
Experimental
Reagent grade dihalobenzenes, 48% aqueous hydrobromic acid, sodium bromide, ortho-xylene and 1,2,4,5-tetramethylbenzene were supplied by Sigma-Aldrich Chemical Company. Methyl tert-butylether (MTBE) was furnished by Acros Organics. All reagents were used as received.
Exchange Conditions
Experiments were carried out with 0.20 g of DCB unless stated otherwise. Aqueous 48% w/w hydrobromic acid (2.50 g) served as source of bromide, corresponding to a molar Br/Cl ratio of approx. 5.5 during exchange. Reactants were flame sealed into Pyrex tubes of 8 mm internal diameter and approx. 7 mL internal volume. Partial pressure compensation was achieved by placing the tubes in 60 mL Hastelloy C-22 autoclaves that were half filled with water to approximate the internal pressure of the tubes and prevent rupture. Autoclaves were then placed in a preheated muffle furnace equipped with electronic temperature control and timer, and heated to within ±2˚C of the nominal temperature. After cooling, the sealed tubes were broken open and ortho-xylene and 1,2,4,5-tetramethylbenzene added as standards. Products were extracted with reagent grade methyl-tert-butyl ether (MTBE). All data presented here reflect duplicate runs unless stated otherwise.
Sample Analyses
Analyte concentrations were determined by gas chromatography using a Varian CP 3800 gas chromatograph equipped with flame ionization detector, split-splitless injector, and a 25 m × 0.53 mm × 1.0 µm OV-17 column. The initial hold was 60˚C for 3 min, followed by a 10˚C /min ramp and a final hold at 250˚C for 10 min. The internal standard selected for bromobenzene, chlorobenzene and dichlorobenzene isomers was ortho-xylene, that for all possible bromochlorobenzene and dibromobenzene isomers was 1,2,4,5-tetramethylbenzene. Concentrations were determined based on five point, forced zero-intercept calibrations that included all possible dichloro-, bromochloro-and dibromobenzene isomers. All calibrations and sample dilutions were carried out using MTBE as solvent. Concentrations are expressed as mol% relative to DCB initially present (set to 100%). Within the reported temperature regime, no evidence was found for significant mineralization or the formation of semivotatiles other than those included in this study. Consequently, the mol% sum of all aromatics present during and after the reported exchange experiments was found to be essentially invariant.
Exchange Modeling
Molecular modeling results of competing mechanisms leading to nucleophilic aromatic substitution were reported previously [8] , but clearly do not fully apply to the highly acidic conditions employed here. Modeling of plausible reaction intermediates was carried out using Gaussian 03 Rev. E.01 [9] . The initial structures were built using GaussView 5.09. Density functional theory (DFT) at the B3LYP/6-31G(d,p) level was used throughout [10, 11] . Three mechanisms were considered, as shown in Figures 1-3 , and stabilities for the candidate intermediates B and C determined by ab initio calculation as stated above. These were subsequently compared to benzyne intermediates such as A (in Figure 1) , for which stabilities in the order of ΔG ≈ 38 kcal/mol with respect to the organic precursor molecules are generally accepted [12] . It should be cautioned that these values neglect solvation effects; however, all three intermediates being considered are non-polar, making this comparison reasonable.
Results

Exchange Temperature
As indicated in Figure 4 , halogen exchange remains relatively slow below 280˚C, even after prolonged exchange times. At and above 320˚C, a sharply increased incidence of tube failures (rupture of Pyrex tube inside autoclave) along with significant dehalogenation to monohalobenzenes was observed. In practical terms, it is obviously desirable to keep the reaction temperature as low as possible to minimize the difficulties associated with working under hot and highly acidic conditions, and to minimize exchange times. Thus, exchange temperatures of 280˚C -320˚C were selected for subsequent work. Gas chromatographic analyses indicated that the formation of semi-volatile products other than mono-and dihalobenzenes (e.g. unidentified chlorinated phenols, aryl ethers) was limited to less than approx. 5 mol% of the total benzene derivatives present within the chosen temperature range. This was complemented by the analysis of one representative sample using micellar electrokinetic capillary chromatography (MEKC) [13] , which failed to find significant quantities of polar, nonvolatile products. Consequently, product distributions in this study are represented as relative mol% of the cumulative molar quantity of halobenzenes present, which remained essentially constant under the conditions chosen. Table 1 exemplifies that, in addition to unreacted DCB, BCB and DBB were the dominant constituents of the reaction mixtures.
Exchange Times
The composition of reaction mixtures as a function of time, in terms of the dominant halobenzenes, is shown in Figure 5 . It appears that after exchange times of approx. 3 h, the system approaches a state of equilibrium. The most notable dehalogenation product observed was bromobenzene, but its formation remained fairly limited. The yield of BCB peaked after approx. 1 h at 48%, that of DBB after 3 h at 37%. 
Exchange in the Presence of Salts
When aqueous hydrobromic acid was replaced by an equimolar concentration of aqueous sodium bromide, no formation of BCB or DBB was observed and >98% of the starting material was recovered. Addition of FeBr 3 at moderate to high concentrations during exchange reduced the molar percentage of DBB in the resulting product mixture while increasing those of both chlorobenzene and unreacted DCB ( Table 2) . Its effect on other exchange products, such as BCB, was less pronounced.
Conclusions
Superheated aqueous media are well suited for halogen exchange, as exemplified by the conversion of DCB to chemically more reactive BCB and DBB. Such exchange protocols promise to reduce the need for the de novo synthesis of bromobenzene derivatives, an often wasteful process, by utilizing byproducts of chlorobenzene manufacture and water as the primary reaction medium. The presence of iron bromide was found to significantly lower the yield of DBB.
The limited formation of isomerized products is noteworthy. Hydrolysis of halobenzenes to phenols in superheated aqueous phase is well known to proceed via benzyne intermediates [14] . Halogen exchange based on a similar mechanism would lead to extensive isomerization as (Figure 1) , as well as the competitive formation of phenolic products by addition of water. The resulting compound mixtures would be difficult to separate, limiting the utility of this method. Observed product distributions discount this and are in agreement with computational results, favoring intermediate B in Figure  2 (33.3 kcal/mol) over intermediate C in Figure 3 (34.9 kcal/mol) or benzyne intermediates. The observed need for highly acidic media further supports an additionelimination sequence initiated by arene protonation. It is noteworthy that, in contrast to virtually all other halogen exchange reactions published to date, stronger carbonchlorine bonds are replaced by weaker carbon-bromine bonds, pointing to a halogen concentration gradient rather than relative bond stabilities as the driving force for exchange.
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